ALS2 mutations account for a number of recessive motor neuron diseases including forms of amyotrophic lateral sclerosis, primary lateral sclerosis and hereditary spastic paraplegia. Although computational predictions suggest that ALS2 encodes a protein containing multiple guanine nucleotide exchange factor (GEF) domains [RCC1-like domain (RLD), the Dbl homology and pleckstrin homology (DH/PH), and the vacuolar protein sorting 9 (VPS9)], the functions of the ALS2 protein have not been revealed as yet. Here we show that the ALS2 protein specifically binds to small GTPase Rab5 and functions as a GEF for Rab5. Ectopically expressed ALS2 protein localizes with Rab5 and early endosome antigen-1 (EEA1) onto early endosomal compartments and stimulates the enlargement of endosomes in cultured cortical neurons. The carboxy-terminus of ALS2 protein carrying a VPS9 domain mediates not only the activation of Rab5 via a guanine-nucleotide exchanging reaction but also the endosomal localization of the ALS2 protein, while the amino-terminal half containing RLD acts suppressive in its membranous localization. Further, the DH/PH domain in the middle portion of ALS2 protein enhances the VPS9 domain-mediated endosome fusions. Taken together, the ALS2 protein as a novel Rab5-GEF, ALS2rab5GEF seems to be implicated in the endosomal dynamics in vivo. Notably, a feature common to eight reported ALS2 mutations among motor neuron diseases is the loss of VPS9 domain, resulting in the failure of Rab5 activation. Thus, a perturbation of endosomal dynamics caused by loss of ALS2 rab5GEF activity might underlie neuronal dysfunction and degeneration in a number of motor neuron diseases.
INTRODUCTION
ALS2 was initially identified as a causative gene for a juvenile recessive form of amyotrophic lateral sclerosis (ALS), termed ALS2 (OMIM 205100), in a Tunisian kindred, and a rare juvenile recessive form of primary lateral sclerosis (PLSJ; OMIM 606353) in both Kuwaiti and Saudi Arabian consanguineous families (1, 2) . ALS2 is characterized by a loss of upper motor neurons (UMN) and spasticity of limb and facial muscles occasionally associated with several signs of lower motor neuron (LMN) defects (3), whereas PLSJ shows only UMN symptoms with no evidence of denervation (4) . Recently, five independent homozygous ALS2 mutations have been found in four families segregating an infantile-onset ascending hereditary spastic paralysis (IAHSP; OMIM 607225) (5, 6) and a single family of a recessive complicated hereditary spastic paraplegia (HSP) (7) . All of the ALS2 mutations are either deletion or splicing site mutations (1, 2, 5, 7) . Current analysis of the genotype-phenotype correlations suggest that the truncation of the full-length ALS2 protein (a.k.a. alsin) resulting in the loss-of ALS2 function accounts for UMN degeneration, whereas the short variant of ALS2 resulting from an alternative splicing may be responsible for the phenotypic modulation, and possibly loss of both full-length and short ALS2 proteins might be related to the LMN defects (1, 2, 8) .
Computational predictions have shown that the molecular mass of ALS2 protein (1657 amino acids) is 184 kDa, comprising several putative guanine nucleotide exchange factor (GEF) domains and motifs (1, 2) . A region in the aminoterminal half of the ALS2 protein is highly homologous to RCC1 (regulator of chromosome condensation) (9) , and this is referred to as an RCC1-like domain (RLD) (10) . RCC1 is a GEF for Ran (Ras-related nuclear) GTPase (9) . The RLD is followed by the Dbl homology (DH) and pleckstrin homology (PH) domains, which are hallmarks for GEFs for Rho (Rashomologous member) GTPases (11) . The carboxy-terminal region contains a vacuolar protein sorting 9 (VPS9) domain, which has been found in a number of Rab5 (Ras-related in brain 5) GEFs including Vps9 (12) , Rabex-5 (13), RIN1 (14, 15) and RIN2 (16) . In addition, eight consecutive MORN (membrane occupation and recognition nexus) motifs (17) , whose repetition numbers have previously been reported as two (1) or seven (2) , were noted in the region between PH and VPS9 domains.
The small GTPases control a broad spectrum of cellular and molecular processes. Ran GTPase is implicated in nuclear transfer as well as chromatin condensation through the regulation of microtubule assembly (18) . The Rho subfamilies are critical regulators of the organization of the actin cytoskeleton (19, 20) , various signaling cascades (20, 21) and neuronal morphogenesis (21) (22) (23) . Further, the Rab GTPases have emerged as central players for vesicle budding, motility/ trafficking and fusion (24) . All of these small GTPases act as binary switches by cycling between an inactive (GDP-bound) and an active (GTP-bound) state. GEFs are known to stimulate the exchange of GDP for GTP, thereby generating the active forms of the small GTPases (25) . In light of conserved GEF domains, it is tempting to speculate that the ALS2 protein acts as a regulator/activator of particular small GTPases. Notably, a feature common to eight reported mutations in ALS2 is the loss of the carboxy-terminal VPS9 domain. Thus, a loss of VPS9-associated GEF function, which may result in the obstruction of membrane trafficking and dynamics, could underlie neuronal dysfunction and degeneration. However, none of the molecular features of the ALS2 protein has been revealed as yet, and mechanisms by which a loss of its function leads to a selective dysfunction and degeneration of motor neurons in motor neuron diseases (MNDs) remain unknown.
To delineate the functions of the ALS2 protein in vivo, biochemical and cell biological analyses were employed in this study. We demonstrate that the ALS2 protein specifically binds to small GTPase Rab5 and functions as a GEF for Rab5, but not for other 11 small GTPases. In addition, ectopically expressed ALS2 protein shows overlapping localization with either Rab5 or early endosome antigen-1 (EEA1) onto early endosomal compartments, and facilitates the enlargement of endosomes in cultured cortical neurons. The carboxyterminus of ALS2 protein carrying a VPS9 domain activates Rab5 and mediates the endosomal localization of the ALS2 protein, while the amino-terminal half containing a RLD acts suppressive in its membranous localization. Further, DH/PH domain in the middle portion of the ALS2 protein retains an aggrandizing effect on the VPS9 domain-mediated endosome fusions. These data suggest that the ALS2 protein could function as a Rab5-GEF implicating in the endosome dynamics in vivo. The recent identification in a large consanguineous Pakistani HSP kindred of an ALS2 deletion mutation at VPS9 domain (7) implies that the loss of functional VPS9 domain of the ALS2 protein is sufficient to cause neurodegeneration. Taken together, an obstruction of endosomal dynamics underlies neuronal dysfunction and degeneration in ALS2, PLSJ and HSP, as well as in a number of other MNDs.
RESULTS
The ALS2 protein is a 180 kDa protein and expressed in neurons
To detect the ALS2 protein in tissues, two independent polyclonal antibodies (HPP1024 and HPF1-680) were generated, and used to perform western blotting analysis. HPP1024 and HPF1-680 react with both human and mouse ALS2 proteins (Fig. 1A) . Although several cross-reacting bands were observed, a major $180 kDa common band was detected using these antibodies in mouse and human tissues (Fig. 1A) , comparable to the molecular masses of 183 and 184 kDa predicted from murine and human ALS2 amino acid sequences, respectively. Thus, taking the180 kDa protein as the ALS2 protein reveals an expression in the brain that was highest in the cerebellum and lowest in the brain stem and spinal cord, where an expression pattern was similar to those of the ALS2 mRNA as previously reported (1) . Expression of the ALS2 protein in non-central nervous system (CNS) was generally low, except for in the liver, in which a 160 kDa protein, in addition to 180 kDa ALS2, was detected using two independent antibodies (HPP1024 and HPF1-680). Whether this 160 kDa protein represents a liver-specific ALS2 variant or a processed form of the intact ALS2 protein is unclear at this stage. The 180 kDa protein was also observed in the human cerebral cortex and cerebellum (Fig. 1A) . No band corresponding to the previously described short ALS2 variant (1,2) was observed (data not shown).
Immunohistochemical analysis of the ALS2 protein using HPF1-680 combined with neuronal and glial markers revealed that the ALS2 protein is expressed in various neurons, but not glial cells (data not shown). Representative ALS2-immunoreactive staining of neurons from the motor area of the normal human cerebral cortex, which corresponds to the atrophic areas in the patient with ALS2 mutation (6), was shown (Fig. 1B) . The ALS2 protein mainly distributed in a diffused manner, but several dot or patchy stainings were consistently observed in soma ( Fig. 1B-a) as well as in dendrite (Fig. 1B-b) , suggesting that the endogenous ALS2 protein localizes not only in the cytosol but also onto vesicular and/or membranous compartments in neurons.
The ALS2 protein acts as a Rab5-specific GEF The ALS2 protein has been predicted to comprise three GEF domains: RLD, DH/PH and VPS9. To examine ALS2-associated GEF activities, in vitro GDP dissociation assays were performed using a variety of bacterially expressed small GTPases [Ran, Rab3A, Rab5A, ARF1 and ARF6 as candidates for RLD (10, 26) , Rac1, Cdc42 and RhoA as candidates for DH/PH (11), and Rab5A, Rab5B and Rab5C as candidates for VPS9 (12) (13) (14) (15) (16) ]. Other small GTPases related to the membrane trafficking (24) , such as Rab4A, Rab7, Rab9A and Rab11A, were also tested. Immunoprecipitated FLAG-tagged full-length ALS2 protein (ALS2_L) catalyzed [ 3 H]-GDP dissociation on Rab5A, Rab5B and Rab5C exclusively (Fig. 2) . This suggests that ALS2_L possesses selective catalytic activity with all the members of Rab5 family. Although ALS2_L showed the weak Ran-GEF activity (Fig. 2) , our preliminary assay with the amino-terminal RLD peptide of the ALS2 protein failed to detect any Ran-GEF activities (data not shown). Thus, the Ranlike GEF activity of ALS2_L remains unclear at this stage. In addition, none of the other small GTPases, including three well-characterized Rho-family small GTPases (Rac1, Cdc42 and RhoA) dissociated GDP by incubation with ALS2_L (Fig. 2) . These data indicate that full-length ALS2 protein catalyzes GDP dissociation of Rab5 in vitro.
ALS2 MORN-VPS9 peptide retains the Rab5-GEF activity
In an effort to map the ALS2 functional domain which confers Rab5-GEF activity, ALS2rab5GEF, amino-and carboxyterminally truncated ALS2 peptides were generated ( Fig. 3A  and B) , and subjected to the in vitro GDP dissociation assay with Rab5A. GDP dissociation was observed with both incubation with full-length ALS2 (ALS2_L) as well as ALS2 peptides comprising 660-1657, 913-1657 or 1018-1657 amino acids, but not with ALS2 peptides of 1251-1657, 1351-1657 or 1-1275 amino acids (Fig. 3C) . These results map the region conferring ALS2rab5GEF activity to the interval between 1018 and 1657 amino acids, corresponding to the MORN-VPS9 domains. Lack of either MORN motifs or VPS9 domain resulted in the loss of ALS2rab5GEF activity, indicating that both were necessary for the GEF activity in vitro.
To exclude the possibility that cofactors co-immunoprecipitated with ALS2-full length protein and peptides from COS-7 cell extracts were catalyzing the Rab5A-GDP dissociation, the assay was also conducted using bacterially produced GST-fusion ALS2 proteins. GST-ALS2_1018-1657 amino acids-dependent 3 H]GDP bound to each GTPase after 60 min is presented. Each value represents the mean and standard deviation of at least three independent assays. ***P < 0.0001; **P < 0.01; *P < 0.05 in t-tests. GDP-dissociation was observed, whereas neither GST-ALS2_1251-1657 nor GST-ALS2_1351-1657 amino acids revealed GEF activities with Rab5A (data not shown).
To (Fig. 3D) . The ALS2 peptide lacking the MORN motifs, ALS2_1251-1657 amino acids, revealed no catalytic activity of either GTP exchange/loading or GDP-dissociation, confirming that the MORN-VPS9 domain spanned a minimum region for the ALS2rab5GEF function. ALS2rab5GEF, residing in the full-length or MORN-VPS9 peptide, actively loaded [ 35 S]GTPgS onto the GDP-bound Rab5A as well as nucleotidefree forms of Rab5A (Rab5A_GDP or Rab5A_nt free), while GTPgS-preloaded Rab5A molecules (Rab5A_GTPgS) were substrates with lower preferentiality (Fig. 3E ).
The ALS2 protein interacts directly with Rab5
To examine whether the ALS2 protein directly interacts with Rab5, we carried out the in vitro binding assay using the FLAG-M2 pull-down experiment. The amino-terminally FLAG tagged full-length ALS2 protein bound to any form of Rab5A, including Rab5A_nt-free, Rab5A_GDP, and Rab5A_GTPgS, with the strongest binding to the nucleotide-free form of Rab5A (Fig. 4A ). To examine the specificity for Rab5A binding and to refine the Rab5A binding region of the ALS2 protein, a series of GST-tagged ALS2-deletion constructs were generated and subjected to the GST pull-down experiments ( Fig. 4B and C) . GST-ALS2_1018-1657 amino acids, which spans a minimum region for ALS2rab5GEF activity, bound strongly to Rab5A, but not to either Rab4A or Rab11A (Fig. 4C) , indicating that the binding is Rab5-specific. Further truncated ALS2 peptides, GST-ALS2_1251-1657 and _1351-1657 amino acids, showed weaker but reproducible Rab5A-binding activity (Fig. 4C ), although both peptides no longer retain the GEF activities as mentioned above (Fig. 3C ). Similar binding results were obtained from the yeast two-hybrid assay, in which ALS2_1351-1657 amino acids showed an interaction with Rab5A, while ALS2_1018-1351 amino acids, a peptide containing a consecutive MORN motif, did not (data not shown). Thus, a minimum region (1351-1657 amino acids) that needs to establish an interaction between the ALS2 protein and Rab5A is narrower and differs from the ALS2rab5GEF catalytic domain. Nevertheless, the steady interaction between ALS2_1018-1657 amino acids and Rab5A might be essential for the ALS2rab5GEF activity. All the ALS2 peptides tested in this assay showed selective bindings to any forms of Rab5A (Rab5A_nt-free, Rab5A_GDP and Rab5A_GTPgS; Fig. 4C ).
Ectopically expressed ALS2 protein exhibits overlapping distribution with Rab5 and EEA1 onto early endosome compartments
To investigate the sub-cellular localization of the ALS2 protein in detail, HeLa cells were transfected with expression construct expressing full-length and short form of the ALS2 proteins. Ectopically expressed short ALS2 variant distributed rather uniform in cytoplasm and nucleus with some dot-like stainings (Fig. 5A, ALS2_S ). In contrast, when the full-length ALS2 protein was expressed, various patterns of the sub-cellular localizations were observed. By analyzing 500 cells expressing the full-length ALS2 protein, more than 90% of the cells harbored the ALS2 proteins in cytoplasm [ Fig. 5A and B, arrowheads). To identify the organelles to which the ALS2 protein localized, co-localization Rab5A binding assay using FLAG-tagged full-length ALS2. Nucleotide free (nt-free), GDP-bound (GDP), or GTPgS-bound (GTPgS) forms of Rab5A were incubated with FLAG-M2 beads conjugating FLAG-tagged full-length ALS2 (ALS2_L) or with FLAG-M2 beads alone (empty) as a control. The bound Rab5A was detected by immunoblotting method using anti-Rab5 antibody. Western blotting analyses of the input Rab5A and FLAG-tagged ALS2 were also conducted using anti-Rab5 and FLAG-M2 antibodies, respectively. (B) Western blotting analysis of the purified GST-fusion ALS2 peptides used in the GST pull-down assay. The positions of relative-molecular mass markers are shown on the left. (C) In vitro GST pull-down assay. Nucleotide free, GDP-bound or GTPgS-bound forms of Rab5A, Rab4A and Rab11A were incubated with glutathione-Sepharose 4B beads coupled with three different GSTfusion ALS2 peptides or with GST as a control. The bound Rab5A, Rab4A and Rab11A were detected by immunoblotting method using anti-Rab5, anti-Rab4 and anti-Rab11 antibodies, respectively. The '10% input' lanes show the western blotting analysis using 10% of the total amount of each Rab GTPase used in these binding experiments. studies were conducted. Vesicular distributions of the ALS2 protein overlapped with those of endogenous EEA1, an early endosome marker (27) (Fig. 5B , ALS2_L/EEA1). Further, cotransfection of HeLa cells with expression constructs for the ALS2 protein and FLAG-tagged Rab5A demonstrated overlapped localization of the ALS2 protein with Rab5A onto the vesicular structures as well as cellular peripheries (Fig. 5B , ALS2_L/FLAG-Rab5A). These data indicate that a fraction of the ALS2 protein co-localizes with Rab5 onto the membranous compartments, particularly the early endosomes. Previous studies have shown that Rab5 acts cooperatively with EEA1 on early endosomes as a critical regulator in endosome fusions (28) . Taken together, our findings imply a possible functional linkage between full-length ALS2 protein and Rab5 in vivo. Nonetheless, it is also evident that a majority of ALS2 molecules, at least in HeLa cells, exists in cytosol as possibly inactive or latent forms, because no obvious colocalization with Rab5 was observed (data not shown).
Overexpression of the ALS2 protein promotes endosome enlargement in cultured neuronal cells
To obtain further insights into the function of the ALS2 protein in vivo, rat primary cultured cortical neuronal cells were transfected with expression construct expressing the full-length ALS2 protein (Fig. 5C ). It is noteworthy that the ectopically expressed ALS2 protein in Tau-positive neurons mostly spread throughout vesicles, which was in contrast to the diffused distributions in HeLa cells. We analyzed more than 100 neurons expressing the ALS2 protein, and $90% of the cells revealed vesicular/patchy stainings in soma as well as in the elaborated somato-dendritic neurites (Fig. 5C , ALS2_L/Tau). Further, ALS2 localization onto some enlarged vacuolar vesicles were also seen ($10% of the cases; Fig. 5C , ALS2_L, arrowheads). A co-localization study with EEA1 demonstrated that the ALS2 protein localized onto EEA1-positive vesicular structures (Fig. 5C , middle panels; ALS2_L/ EEA1), suggesting that the ALS2 protein functions on the early endosomal compartments in neurons (29) . To obtain further evidence for the functional aspects of the ALS2 protein on early endosomes, co-transfection studies of cultured neuronal cells with expression constructs for the ALS2 protein and FLAGtagged Rab5A were conducted. When the ALS2 protein and FLAG-Rab5A co-expressed, very enlarged endosomes, where the ALS2 protein coexisted with Rab5A, increased (Fig. 5C , ALS2_L/FLAG-Rab5A, arrowheads and enlarged images in the boxes), and those cells subsequently died prematurely. Taken together, overexpression of the full-length ALS2 protein in neuronal cells might promote endosome fusion/enlargement though the activation of the Rab5 within the endosomal compartments. Ectopic expression of a short variant of the ALS2 protein in cultured neurons revealed the diffused distributions in cytoplasm and nucleus (data not shown).
Molecular tropism and function for the ALS2 domains in vivo
To define the ALS2-domains responsible for the various subcellular localizations (diffused versus vesicular distributions), deletion constructs expressing the amino-terminally EGFP-fused ALS2 truncated mutants (Fig. 6A) were transfected into HeLa cells (Fig. 6B and C) . EGFP-ALS2_1-680 amino acids carrying RLD showed a diffuse pattern of distribution with some patchy staining observed particularly in the perinulear area (Fig. 6B, EGFP_1-680) , similar to the diffused-cases for full-length ALS2 (Fig. 6B, EGFP_ALS2L ). Of particular note, a majority of the cases for EGFP-ALS2_660-1657 amino acids, containing the DH/PH/ MORN/VPS9 region, revealed exclusive localization onto large-vacuolar structures (over $2 mm in diameter; Fig. 6B , EGFP_660-1657) and/or EEA1-positive vesicles (Fig. 6B , EGFP_660-1657/EEA1), which was reminiscent of the enlarged endosomes observed in cultured neuronal cells and the Rab5_Q79L (a constitutive active form)-expressing cells (Fig. 6B , FLAG-Rab5A_CA). It has been reported that overexpression of Rab5_CA resulted in the enlarged vesicles with a typical size of 2-5 mm (30). These data suggest that ALS2_660-1657 amino acid fragment constitutively activates the endogenous Rab5 and promotes the drastic enlargement of early endosomes. EGFP-ALS2_1018-1657 amino acid (MORN/VPS9 domains), spanning a minimum region for the ALS2rab5GEF activity, also preferentially localized onto the EEA1-positive endosomes with the marginal enlargement (less than $2 mm in diameter; Fig. 6B , EGFP_1018-1657/EEA1). The result was very similar to that obtained by the overexpression of the FLAG-tagged Rabex-5 (Fig. 6B , FLAGRabex-5). Further, EGFP-ALS2_1351-1657 amino acid fragments, lacking the Rab5-GEF activity, showed the similar degree of the vesicular localizations (Fig. 6B, EGFP_1351 -1657). Consistent results were obtained for amino-terminally FLAG-tagged or the carboxy-terminally EGFP-fused ALS2 molecules in both COS-7 and HeLa cells (data not shown). These data suggest that each ALS2 domain/region demonstrates specific subcellular tropism in vivo (Fig. 6C) . The amino-terminal RLD seems to confer cytosolic distribution, and thus could function as a negative regulator for the Rab5 binding and activation of Rab5. In contrast, the carboxyterminus containing the VPS9 domain might mediate both Rab5 binding and endosomal localization. Notably the DH/PH constitutively promotes the MORN/VPS9-mediated Rab5 activation and endosome fusions in vivo, indicating the ALS2_660-1657 amino acid peptide might be a constitutiveactive form for ALS2rab5GEF in the cells. Taken together, the Rab5-GEF activity associated with the full-length ALS2, ALS2rab5GEF, seems to be controlled by an internal domain(s) of ALS2 and implicated in the endosome dynamics in vivo.
Effect of the overexpression of the constitutive active form of the ALS2 protein on endosome dynamics
To delineate the molecular aspects of the ALS2rab5GEF activity on endosomal dynamics, we adopted overexpression of the ALS2_660-1657 amino acid peptide, a constitutive-active form for ALS2rab5GEF, in HeLa cells as a model system for the ALS2-activating status.
First, we examined the subcellular distribution of ectopically expressed ALS2_660-1657 amino acids. Co-localization was assessed with several other Rab family GTPases including Rab4A as early endosome markers (31,32), Rab7 as a late endosome marker (31, 33, 34) and Rab11A as a recycling endosome marker (31, 35) (Fig. 7A) . Co-transfection of HeLa cells with expression constructs for EGFP-ALS2_660-1657 amino acids and FLAG-tagged Rab4A, Rab7 and Rab11A demonstrated ALS2 protein co-localization with Rab4A (Fig. 7A, EGFP_660 -1657/FLAG-Rab4A) and partially with Rab7 (Fig. 7A, EGFP_660 -1657/FLAG-Rab7), but not with Rab11A (Fig. 7A, EGFP_660 -1657/FLAG-Rab11A), indicating that ALS2_660-1657 amino acid peptide localizes predominantly onto the early endosome compartment and less frequently onto the late endosome, but not onto recycling endosome. ALS2_660-1657 amino acids did not localize to Golgi compartments by assessing the colocalization with GM130, a cis-Golgi marker (36) (data not shown).
To study whether the overexpression of ALS2_660-1657 amino acids affects endocytosis, HeLa cells transfected with ALS2_660-1657 amino acids expression construct were cultured in the presence of transferrin (Tfn) and epidermal growth factor (EGF), respectively, and distributions of these proteins within the cells were analyzed. ALS2_660-1657 amino acid and either Tfn or EGF predominantly co-localized onto the large vesicular compartments (Fig. 7B) , consistent with the localization of the ALS2 peptides onto the actively internalized/endocytosed membrane compartments within the cells. On the other hand, ALS2_660-1657 amino acid peptide non-expressing cells observed in the same microscopic field only showed smaller Tfn-or EGF-positive vesicles without any evidence for endosome enlargement (Fig. 7B) . These data also imply that overexpression of ALS2_660-1657 amino acids does not obstruct endocytosis of either Tfn or EGF, although it is still not clear whether trafficking of these molecules is disturbed within the cells.
To obtain insight into the effect of ALS2_660-1657 amino acids on the early/late endosomal dynamics, the distributions of two endosomal marker proteins, LAMP-1 and LAMP2, which were known as late endosome/lysosome markers (37, 38) , in cells expressing ALS2_660-1657 amino acids were analyzed. Overexpression of ALS2_660-1657 amino acids was associated with the accumulation of the lysosomal-associated membrane proteins LAMP-1 and LAMP-2 within the enlarged early endosome compartments (Fig. 7C) . These data suggest an 
VPS9 domain functions as Rab5-GEF and contributes to the endosomal localization of the ALS2 protein
Given that protein sequence in the carboxy-terminal of the ALS2 protein functions as Rab5-GEF and localizes onto the enlarged endosome compartments, it was of particular interest to know whether the ALS2 protein is directly involved in endosome dynamics. We generated amino acid substituted mutants in which well-conserved amino acid residues among several VPS9 containing proteins were mutated (Fig. 8A ): ALS2_660-1657 amino acid (P1603A) (proline at position 1603 to alanine) and ALS2_660-1657 amino acid (L1617A) (leucine at position 1617 to alanine). First, we assayed the GEF activity and GDP dissociation in vitro of these mutant proteins in the presence of Rab5A. Both mutations resulted in a marked decrease in GDP dissociation (Fig. 8B) , implying that these amino acid residues are essential for ALS2rab5GEF activity. Next, we studied a subcellular localization of the ectopically expressed amino-terminally EGFP-fused mutant proteins in HeLa cells. EGFP-ALS2_660-1657 amino acids (P1603A) localized to as the same subcellular compartments as EGFP-ALS2_660-1657, _1018-1657 and _1351-1657 amino acids, without the enlargement of endosomes [ Fig. 9A , EGFP_660-1657(P1603A)]. This suggests that ALS2_660-1657 amino acids (P1603A) fails in the endosome fusion by the loss of its GEF activity, although the mutant protein is recruited onto the endosomal compartments. By contrast, the EGFP-ALS2_660-1657 amino acids (L1617A) mutant scattered in cytosol [ Fig. 9A , EGFP_660-1657(L1617A)], indicating that the L1617A mutation causes a loss of both ALS2rab5GEF activities and migration to the endosomal compartments.
ALS2 protein-induced enlargement of endosomal compartments is mediated by the activation of Rab5-EEA1 pathway
To examine whether ALS2_660-1657 amino acids directly activates small GTPase Rab5 and is involved in endosomal dynamics in vivo, co-expression experiments were undertaken with Rab5 proteins in HeLa cells. Transient expression of Rab5A_Q79L (constitutively active mutant) promoted the enlargement of endosomal compartments, while that of either Rab5A wild-type or Rab5A_S34N (dominant-negative mutant) provided the small and punctate vesicles (Fig. 6B , FLAGRab5A_wt or FLAG-Rab5A_DN), as reported previously (29, 31, 32) . Co-expression of Rab5A_wt and ALS2_660-1657 amino acids revealed a prominent enlargement of endosomes (Fig. 9B, 660 -1657/Rab5A_wt), indicating that the ectopically expressed Rab5A could be activated by ALS2rab5GEF to promote further enlargement of endosomes. This stimulatory effect was not seen when Rab5A_wt was co-expressed with ALS2_660-1657 amino acids (P1603A) [Fig. 9A To further strengthen our findings of ALS2rab5GEF activity, a dominant-negative form of the carboxy-terminus of EEA1 (EEA1_1270-1411 amino acids) (40), a wellcharacterized Rab5 downstream effector (28, 41) was used. When EGFP-ALS2_660-1657 amino acids was co-expressed with FLAG-EEA1_1270-1411 amino acids, enlargement of 3 H]GDP that remained bound to Rab5A after 60 min is presented. Each value represents the mean and standard deviation of at least three independent assays. **P < 0.0001; *P < 0.001 in t-tests.
endosomes was completely suppressed (Fig. 9C) . This indicates that ALS2rab5GEF involves inactivation of the Rab5-EEA1 pathway upstream of EEA1.
DISCUSSION
To our knowledge, the ALS2 protein is the fourth mammalian Rab5-specific GEF to be identified. The presence of a VPS9 domain in all four Rab5-GEFs (12) (13) (14) (15) (16) suggests that the essential GDP/GTP exchanging reaction may be conferred by this domain. A series of our deletion and mutagenesis studies revealed that the VPS9 domain of the ALS2 protein is a requisite for not only GDP/GTP exchange in Rab5 GTPase, but also endosomal targeting of the ALS2 protein. We have also demonstrated that the MORN motifs, although not essential for Rab5 binding, are necessary to fully activate ALS2rab5GEF. These data strongly suggests that VPS9 domain is working in conjunction with MORN co-operatively in the activation of the Rab5GTPases.
We have also documented the presence of regulatory elements and several GEF domains within the ALS2 molecule. The RLD appears to suppress recruitment of the full-length ALS2 protein onto endosomes and/or other membrane compartments in the cells. In contrast, the DH/PH domains appear to enhance MORN-VPS9 domain-mediated endosome fusion. A semi-quantitative analysis of the GDP dissociation in vitro revealed that the ALS2_660-1657 amino acid peptide containing DH/PH domains resulted in evident Rab5GEF activity which is significantly higher than that obtained with ALS2_1018-1657 amino acid peptide spanning a minimum region conferring the ALS2rab5GEF activity (Fig. 3C ). This suggests that DH/PH could enhance ALS2rab5GEF activity resulting in a prominent endosome fusion. However, Rabex-5, a well-characterized Rab5-GEF (13, 42) , did not show significant endosome enlargement effects, despite its higher Rab5-GEF activity in vitro (Fig. 3C ) and endosomal localization (Fig. 6B) . We cannot rule out the possibility that the absence of endosome enlargement was due to insufficient levels of factors such as Rabaptin-5 known to interact with Rabex-5 (13, 42) . Nevertheless, it is clear that ALS2 and Rabex-5 proteins have differential effects on endosome dynamics in the cultured cells, suggesting that the multiple functional domains of the ALS2 protein in conjunction with unique upstream and/or downstream factors result in the leading of the intrinsic ALS2 function(s) and distribution.
Based on these results and endosomal dynamics (24, (43) (44) (45) , we propose the following physiological ALS2 function model (Fig. 10) . Normally, RLD (RCC1-like domain) holds ALS2 proteins dispersed in the cytoplasm by means of an inter-and/ or intra-RLD molecule association with the MORN-VPS9 region. In this situation, the majority of the cytosolic Rab5 molecules are maintained in GDP-bound inactive forms associated with Rab-GDI (GDP dissociation inhibitor) (46) . An as yet unidentified molecular signal(s) inactivates RLD and activates MORN-VPS9 domain, initiating the recruitment of the ALS2 protein to the early endosomal compartments, where the ALS2 protein binds to a member of Rab5 small GTPases. The ALS2rab5GEF in the MORN-VPS9 domains of ALS2 then activates Rab5-GTPase through GDP/GTP exchange. The activated Rab5 further facilitates the formation of protein complex comprising downstream effector molecules such as EEA1 and SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) proteins, promoting the endosomal fusion (47) . Further, the ALS2 protein, particularly the DH/PH domain, could directly or indirectly up-regulate endosomal fusion.
Thus far, eight different mutations resulting in three distinct but phenotypically overlapping MNDs (ALS2, PLSJ and HSP) have been found in the ALS2 gene (1,2,5,6 ). All the reported mutations cause disruption of the reading frame. A feature common to all ALS2-MND mutations is the loss of VPS9 domain, implicating ALS2rab5GEF function in endosome dynamics as being critical for motoneuron survival. This interpretation is consistent with the 4844delT mutation (4721delT; according to the den Dunnen's recommendations, www.DMD.nl/mutnomem.html) found in Pakistani kindred with HSP, which is predicted to result in a VPS9-functionless ALS2 protein, lacking half of the VPS9 domain at the carboxyterminus (7) . This ALS2 gene mutation shows that loss of VPS9 domain (and loss of ALS2rab5GEF activity) is sufficient to Figure 10 . Proposed models for the ALS2 function and its implication in endosome dynamics. Pending a certain signal activation of the ALS2 molecule, RLD holds the ALS2 molecule dispersed in the cytoplasm by means of an inter-and/or intra-RLD molecule association with the MORN-VPS9 region. The majority of the Rab5 molecules exist in a GDP-bound inactive form associated with Rab-GDI. A particular molecular signal(s) (unidentified as yet) inactivates RLD and subsequently triggers MORN-VPS9 domains to recruit the ALS2 molecule for early endosomal compartments, wherein the ALS2 molecule binds to a member of Rab5 small GTPases. The ALS2rab5GEF in the MORN-VPS9 domains of the ALS2 protein activates Rab5-GTPase through GDP/GTP exchange. Activated Rab5 further facilitates the formation of protein complex comprising downstream effector molecules such as EEA1 and SNARE proteins, and promotes endosomal fusion. Further, the DH/PH domain could directly or indirectly up-regulate the fusion reactions. The ALS2 protein may also enhance certain intracellular transport of particular proteins and/or lipids and endosome-mediated signal transductions. In MND, loss of ALS2rab5GEF activity might disrupt endosomal trafficking and fusion, thereby resulting in the dysfunction and degeneration of the neuronal cells. GDI, Rab-GDP dissociation inhibitor; EEA1, early endosome antigen 1; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; EE, early endosome; LE, late endosome; RE, recycling endosome; LS, lysozome.
cause motor neuron death. The molecular mechanisms underlying phenotypic differences among ALS2, PLSJ and HSP, particularly LMN involvement, are still unclear at this stage. However, the uniform distribution of the short ALS2 protein variant both in cytoplasm and nucleus, which was completely different from those for the full-length ALS2 protein, could contribute to the phenotypic modulation.
Our functional model of the ALS2 protein may explain the unique molecular properties of the protein in vivo, and the selective or preferential dysfunction/degeneration of UMN resulting from the loss of rather widely expressed ALS2 proteins in patients with ALS2 mutations. Notably, overexpression of the full-length ALS2 protein induced drastic enlargement of endosomes only in cultured neuronal cells, but not in HeLa or COS-7 cells. This suggests that a certain type of neuronal cell could be more amenable to the activation of the ALS2-mediated signaling pathways, and thus the devastating effects due to a loss of normal ALS2 protein could become more prominent in such neurons. Such a neuropathic effect of reduced or altered ALS2 function may involve the transport of neuronally specific macromolecules (e.g. proteins and/or lipids) or alter endosomally mediated signal transduction (48, 49) .
The recent identification of a number of causative genes has demonstrated that defective intracellular trafficking might underlie different forms of MNDs. In particular, the mutated genes for four types of HSPs, including SPG3A (50), SPG4 (51), SPG10 (52) and SPG20 (53) , are all thought to directly involve intracellular trafficking (50) (51) (52) (53) (54) (55) . In addition, mutations in KIF1Bb, which encodes a kinesin motor protein, and Rab7 result in Charcot-Marie-Tooth type 2A (OMIM 118210) (56) and type 2B (OMIM 600882) (57), respectively. Both are common inherited peripheral neuropathies. Defects in axonal transport and cytoskeletal organization have also been seen in sporadic as well as some familial ALS (58, 59) . Combining these result with our findings that the ALS2 protein functions as Rab5-GEF (ALS2rab5GEF), malfunction of the ALS2rab5GEF could obstruct membrane organization and endosomal dynamics, including endosome trafficking and fusion, and is implicated in ALS2, PLSJ and HSP.
MATERIALS AND METHODS

Antibodies
Anti-ALS2 rabbit antisera were raised by immunizing Japanese White rabbits with peptide (HPP1024; human ALS2 1024-1040 amino acids: QRQEPPISRSAKYTFYK) coupled to keyhole limpet hemocyanin via an amino-terminal cysteine residue, or with the purified His-tagged human ALS2_RLD fragment (HPF1-680; 1-680 amino acids). Each polyclonal antibody was affinity-purified using an antigen-coupled sepharose column. Other antibodies used in this study included anti- 
Western blot analysis
Whole-tissue extracts were prepared from fresh mouse tissues by homogenizing in lysis buffer [25 mM Tris-HCl; pH 7.5, 5 mM MgCl 2 , 50 mM NaCl, 1 mM dithiothreitol (DTT), 5% (w/v) sucrose, 1% (w/v) IGIPAL CA-630, protease inhibitor cocktail (Roche), 1 mM phenylmethylsulfonyl fluoride (PMSF)], denatured in SDS sample buffer, subjected to SDS-PAGE, and transferred onto a PVDF membrane. Protein samples for the human cerebral cortex and cerebellum were purchased from BIOCHAIN Inc. Blots were incubated with anti-ALS2 antibodies (1:2000) or anti-b-tubulin antibody for 2 h, and with horseradish peroxidase-conjugated anti-rabbit or antimouse IgG sheep secondary antibody (Amersham Pharmacia), and developed using the ECL-plus kit (Amersham Pharmacia).
Plasmid constructs
All cDNA clones used in this study were obtained by reverse transcription with polymerase chain reaction (RT-PCR) from human brain or heart total RNA, followed by subcloning into the appropriate expression vectors (see below). The DNA sequence of the insert as well as the flanking regions in each cDNA clone was verified by sequencing. Numbers in the designated ALS2 clones correspond to the encoded amino acids of the ALS2 or EEA1 protein. Mutant constructs harboring point mutations were generated by oligonucleotidedirected mutagenesis using GeneEditor TM in vitro Site-Directed Mutagenesis System (Promega) according to the manufacturer's instructions.
ALS2 construct for antibody generation. The RLD region, encoding amino acids 1-680, was subcloned into pRSET Bacterial Expression Vector (Invitrogen), generating pRSETHis-ALS2_1-680.
ALS2 and Rabex-5 constructs for GDP/GTP exchange and in vitro binding assays. A total of eight cDNA fragments (one encoding full-length ALS2, six encoding truncated ALS2 fragments and one encoding RABEX5) were subcloned into the modified pCI-neo Mammalian Expression Vector (Promega), allowing the production of amino-terminally FLAG-tagged proteins. Constructs were as follows: pCIneoFLAG-ALS2_L (full-length); pCIneoFLAG-ALS2_660-1657, pCIneoFLAG-ALS2_913-1657; pCIneoFLAG-ALS2_1018-1657; pCIneoFLAG-ALS2_ 1251-1657; pCIneoFLAG-ALS2_1351-1657; pCIneoFLAG-ALS2_1-1275; and pCIneoFLAG-Rabex5. Finally, two constructs harboring different point mutations were generated: pCIneoFLAG-ALS2_660-1657(P1603A) and pCIneoFLAG-ALS2_660-1657(L1617A).
ALS2 constructs for in vitro GST-pull down assay. Three fragments of the ALS2 cDNA were subcloned into pGEX-6P (Amersham Pharmacia) Bacterial expression vector, generating pGEX6P-ALS2_1018-1657, pGEX6P-ALS2_1251-1657 and pGEX6P-ALS2_1351-1657.
Small GTPase constructs for GDP/GTP exchange and in vitro binding assays. A total of 14 cDNA fragments encoding 14 different small GTPases, including ARF1, ARF6, Rab3A, Rab4A, Rab5A, Rab5B, Rab5C, Rab7, Rab9A, Rab11A, Ran, Rac1, RhoA and Cdc42, were subcloned into pGEX-6P bacterial expression vector (Amersham Pharmacia). The resulting constructs included pGEX6P-ARF1, pGEX6P-ARF6, pGEX6P-Rab3A, pGEX6P-Rab4A, pGEX6P-Rab5A, pGEX6P-Rab5B, pGEX6P-Rab5C, pGEX6P-Rab7, pGEX6P-Rab9A, pGEX6P-Rab11A, pGEX6P-Ran, pGEX6P-Rac1, pGEX6P-RhoA and pGEX6P-Cdc42.
Constructs for the localization studies. Full-length (ALS2_L), short form (ALS2_S) and four deletion fragments derived from the ALS2 cDNA, and six small GTPases cDNA fragments, were subcloned into pCI-neo (Promega), pEGFP-C1 (Clontech) or p3XFLAG-CMV TM -10 Expression Vector (Sigma), generating pCIneo-ALS2_L, pCIneo-ALS2_S, pEGFP-ALS2_L, pEGFP-ALS2_1-680, pEGFP-ALS2_ 660-1657, pEGFP-ALS2_1018-1657, pEGFP-ALS2_1351-1657, p3XFLAG-CMV10-Rab5A, p3XFLAG-CMV10-Rab5AQ79L, p3XFLAG-CMV10-Rab5AS34N, p3XFLAG-CMV10-Rab4A, p3XFLAG-CMV10-Rab7 and p3XFLAG-CMV10-Rab11A. To generate the EGFP-ALS2 constructs harboring a point mutation, the mutated ALS2 inserts were excised from pCIneoFLAG-ALS2_660-1657(P1603A) and pCIneoFLAG-ALS2_660-1657(L1617A), and subcloned into pEGFP-C1 vector (Clontech), generating pEGFP-ALS2_660-1657(P1603A) and pEGFP-ALS2_660-1657(L1617A), respectively. Dominant negative EEA1 expression construct consisting of the carboxy-terminal fragment of EEA1 (p3XFLAG-CMV10-EEA1_1270-1411) was also generated.
Cell culture and transfection
HeLa and COS-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heatinactivated fetal bovine serum (Invitorogen), 100 U/ml penicillin and 100 mg/ml streptpmycin. Primary neuronal cell cultures were established from cerebral cortex derived from embryos at 18 days (E18) of Sprague-Dawley rat according to the methods as previously described (60) . HeLa/COS-7 cells and primary neuronal cells were transfected with plasmid constructs using the Effectene Transfection Reagent (Qiagen) and the LipofectAMINE 2000 (Invitrogen), respectively, according to the manufacturer's instructions.
Preparation of ALS2 and Rabex-5
COS-7 cells were transfected with pCIneo-FLAG constructs. Cells were lysed in TBST buffer [50 mM Tris-HCl; pH 7.4, 150 mM NaCl, 1 mM EDTA, 2% (w/v) Tween-20] for 3 h at 4 C, and centrifuged at 12 000g for 15 min at 4 C. Supernatants were immmunoprecipitated using EZview TM Red ANTI-FLAG 1 M2 Affnity Gel (Sigma) according to the manufacturer's instructions. The amino-terminally FLAG-tagged ALS2 and Rabex-5 proteins bound to gel beads were re-suspended in appropriate volumes of GEF buffer (25 mM Tris-HCl; pH 7.4, 50 mM NaCl, 20 mM MgCl 2 , 1 mM CHAPS), and used for GDP/GTP exchange assay in vitro. A portion of the proteins was subjected to SDS-PAGE, followed by western blotting analysis with anti-FLAG antibody to estimate the amounts of conjugating FLAG-tagged proteins on the beads.
Purification of small GTPases
GST-fusion small GTPases and GST-fusion ALS2 proteins were expressed in E. coli BL21(DE3)pLys S (Novagen) transformed with each pGEX6P2 construct, and purified using the glutathione-Sepharose TM 4B beads (Amersham Pharmacia) according to the manufacturer's instructions. GST-fusion ALS2 proteins were used for in vitro binding assay. For small GTPases, GST-fusion proteins were further treated with PreScission protease (Amersham Pharmacia) to remove the GST moiety according to the manufacturer's recommendations. The resulting purified small GTPases were utilized in either GDP/GTP exchange assay or in vitro binding assay.
In vitro GDP/GTP exchange assay C. The GDP-loaded proteins were then purified by PD-10 column (Amersham Pharmacia) in GEF buffer. Four picomoles of the [ 3 H]GDP loaded small GTPase were pre-incubated for 5 min at 30 C, and nucleotide dissociation reaction was initiated by the addition of gel beads conjugating 2 pmol equivalent of the immunoprecipitated FLAG-tagged ALS2 or Rabex-5 protein, and further incubated for the indicated durations of time at 30 C in a final volume of 40 ml GEF buffer in the presence of 5 mM GTP. Reactions were then terminated by adding excess volume of ice-cold STOP buffer (25 mM Tris-HCl; pH 7.5, 100 mM NaCl, 20 mM MgCl 2 ), and filtered through BA85 nitrocellurose filters (Schleicher & Schell). The radioactivity trapped on the filters was counted. C. Reactions were initiated by the addition of 4 pmol of Rab5A-GDP, Rab5A-GTPgS, or nucleotide-free Rab5A, and incubated for the indicated duration of time at 30 C in a final volume of 40 ml GEF buffer. Reactions were then terminated and filtered, followed by scintillation counting.
In vitro binding assay
Purified Rab5A (4 pmol), which was pre-loaded with either GDP or GTPgS, or nucleotide-free, was mixed with FLAG-M2 beads conjugating 4 pmol equivalent of the immunoprecipitated FLAG-tagged ALS2 in 100 ml of GEF buffer containing 0.1% skimmed milk for 2 h at 30 C. After washing with 4 Â 1 ml of GEF buffer, the bound Rab5A was co-eluted with FLAG-ALS2 protein by the addition of SDS-PAGE sample buffer, and detected by western blotting analysis using appropriate antibodies. For GST pull-down experiments, purified small GTPases (0.3 pmol), Rab4A, Rab5A and Rab11A, which were pre-loaded with either GDP or GTPgS, or nucleotide-free, were mixed with glutathione-Sepharose 4B beads coated with 10 pmol of GST, GST-ALS2_1018-1657, GST-ALS2_1251-1657, or GST-ALS2_1351-1657 in 1 ml of binding buffer (20 mM HEPES; pH 7.4, 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 0.05% Triton X-100, 100 mM GDP or GTPgS) for 1.5 h at 25 C. After washing with 4 Â 1 ml of washing buffer (20 mM HEPES; pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 0.05% Triton X-100, 10 mM GDP or GTPgS), the bound small GTPases were co-eluted with GST fusion proteins by the addition of SDS-PAGE sample buffer, and detected by western blotting analysis using appropriate antibodies.
Immunofluorescence study
The transfected cells were washed with PBS(À) twice, fixed with 4% paraformaldehyde (PFA) in PBS(À) (pH 7.5) for 30 min at room temperature, and permeabilized with 0.5% (w/v) TritonX-100 in PBS(À) for 30 min. The primary antibodies, diluted in PBS(À) containing 1.5% normal goat serum and 0.05% TritonX-100, were added to cells and incubated for 2 h at room temperature. Alexa 594-conjugated goat anti-mouse IgG (1: 200; Molecular Probes) or Alexa 594-conjugated goat antirabbit IgG (1 :500; Molecular Probes) was used for the detection of the signals of either the tag epitope or proteins of interest. In neuronal cultured cells, ALS2 was detected by probing with anti-ALS2 polyclonal antibody (HPF1-680) and Alexa 488-conjugated anti-rabbit IgG (1:500; Molecular Probes), while Tau was visualized by staining with anti-Tau monoclonal antibody, followed by Alexa 594-conjugated goat anti-mouse IgG (1 :200; Molecular Probes).
Uptake of endocytic tracers
For labeling with transferrin, HeLa cells were washed with PBS(À) twice and incubated in serum-free medium for 30 min at 37 C in 5% CO 2 , followed by the incubation with serum-free medium containing 25 mg/ml transferrin Alexa 594 conjugates (Molecular Probes) for an additional 30 min at 37 C. Then, the cells were rapidly chilled with ice-cold PBS(À) and fixed with 4% PFA. For labeling with epidermal growth factor (EGF), HeLa cells were incubated with serum-free medium containing 1% BSA for 30 min at 37 C, and then incubated with fresh serum free medium containing 2.5 mg/ml EGF-tetramedtylrhodamine conjugates (Molecular Probes) for additional 30 min at 37 C. After labeling, the cells were washed and fixed in the same manner as used in transferrin labeling.
Light and confocal microscopies
Images of serial optical sections with 1-2.5 mm thickness were captured and analyzed by Leica TCS_NT confocal-microscope systems (Leica).
Immunohistochemistry
Formalin-fixed human brain samples were embedded in paraffin, and sectioned with 7 mm thickness for immunohistochemistry. Immunostaining for the ALS2 protein was performed with the affinity-purified anti-ALS2_RLD polyclonal antibody (HPF1-680) using a Vectastain elite ABC kit (Vector Lab) according to the manufacturer's recommendations.
